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FOREWORD

Progress Rei>ort on lask III "Prc-limi'_,aryReview of Major
Imf_)rmatioq Gaps"

.. This is the third task on the engineering study "Literature
Sur'vey and Anaysis of Liquid Propel)ant Rocket Engine Com-
bustion Processes".

" ABSTRACT

.L : A preliminary_ review of major information gaFs is _Jresenled
' hereln. Thi_ presentation is based on _,relimi:lary reviews

on approximately 5,000 article abstract_ agai'Ist the i.r{'-
- llminary outline presented as the summ3ry of Task It in the v
.. .previous report of thi,_ series, lq fe_wc)fthe areas does

there appear to be adequate detail to cu_._letcly fil- iqL

the outline as presc.nted.
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IAS_, SIATMENI

ABSTRACT OF PROGRAMSTAIEMENI

; This effort has been analyze,d aqa set u6 iq ":ine tasks.
A literature search and aqalysi_ i.rogram has an init el
search and acq_istio_ effort followed by a periled of in-
tensive review and analysis.

d
lhe P_e!iminary lasks Are:

I Initiate the.Survey
II Set Up Prelimiqary Accounting Outti_e
III Prepare Prel i:minary Revi ew of Maj or Inf:)rmati07

-. Gaps

,, Intensive Review and Analysis lasks Are:

' IV Combustion Processes
V Combustion Supported Waves

__ VI Stream Break-up -"
VII Flow, Dispersion and Mixing
VIII Completion of Descriptive Accounting Outliqe

" IX Assembly of all F-lements iqto an I_tergrated
__ Picture -

{ -.

TASK III

PRELIMINARY REVIEW OF INFORMATION GAPS

: , This task is the preparation of a preliminary review of
: apparent information gaps• This wi,ll be accomplished by

comparison of the i._formation available in the abstracts
;; which have been collected to date against the preliminary

_". accounting outline as presented in the. wrevious rec_ort.
' This will serve two purposes:

_ _ I, It will pOint up th()se areas where a more
' _ diligent search effort maybe requi red

and ,
,._ 2, It will point out those areas in which adc_itional

work is required even on the basis of this pre-

., _ t tminary review.c

| I • • i
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._ DISCUSSIONc
#

"_" REVIEW OF MODEL
J

In • rocket chamber a very large number of events are •
happening simultaneously. Each of these events has its

:.t own series of antecedents and in turn is likely to affect
a series of following events. All of these events are

-. influenced, .and some of them are d.ominated, oy the manner "-
: in which phenomena are going o_ around them or preceding ..

-_ them. Fi _.al 1y, these phenomena are not uni f_rml y di s- _.'
tributed in sFace or in time sequence. A model must then
be capable of presenting the diverse situations which are =
occurring in-the rocket chamber over some depth of time.
The model must be capable of developing both the geometr-

: ical distribution of chamber contents and _henomena but
also the temperal sequence by which these distributions

;_" of materials and their reactions occur = _:

It has been decided to take a S:tokesian approach and !_:
_.followsuccessive and identifiable gas elements as they :_

: are generated, accrue mass and energy, and are accelerated ._
down the "chamber. Such an element will over-take stream _ ;,_
and droplet fields, take up_mass through the evaporation ¢

: Of these condensed phase element, exchange momentum wilh h:_._

, thes'e condensed phase fields and leave behind as they pass ,:_i_
.- on to other:fields down stream. By following repetitive _:?_

elements in this model one will oe able to put together -_!A
a spatial andtemperal compilation of the events happen- _:
trig in a two dimensional -type chamber. This model should --_i
be quite capable of handling stable combustion processes -..._
as well as instabilities of a predominately transverse _;

: i_ature, It is not obvious at th'is time how this model _
might effectively be utilized to study longitudenal.modes

. o,f'Instability, The model i_as the additional deficiency __._
of not being able to provide its own initial conditions, ,_

" Some prior,information about the fields of streams and- _

droplets and their locations, size and velocity distribu- _i_
tions muit be established. A preliminary Simpler model _

" must be used to provide initial distribution of condensed : `_

phese el,;ments for the f';rst few gas elerr_nts to move i nEo _ .i:o_
an d interact with,

INJEGTI_'ONAND STREAM, LOCATION - _:,:!,::

: "Theexperlmental.. _tnformatlon which would be necessary tO ,-_-: - ......,:_';_,,
allow one to r_gorously predict the Iocat|or, of the con- ..:-=-:_,_

. densed phase_-of the propellants in the rocket chamber _ ,.i_ ;i!_
at any particular instant is gros._-!.y inadequate. -_ ,.',:_-

,,, .,... :. _. . -"•_,'..,_

• " - _ '_ '" ",',: ,.' ¢ '_'_C
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Give.n the injection condition_, in order to locate the
condensed phases in the rocket chamber it will De necessary
to estimate:

}

the stream projections, their distortions and instabil-
ities, the positional and time rates of drop shedding,
the s{ze di-._tributionsof the drops shed, the mornenlum
exchange between the gas flow Fields and the stream
and the shed droplets and the rate of mass loss from
the stream and droplets due to evaporation into the
environment.

For a shower-head type injection the stream projection should
proceed undisturbed except for stream instabilities and [hose
instabilities introduced via aeroOynamic interactions. For a
completely laminar flow on ejection the stream should proceed
undisturbed until subjected to sufficient aerodynamic forces
to introduce surface instabilities alternately leading to
stream break-up. In highly developed turbulent flow the rate
of stream break-up due to its own internal flow instabilities
should be very predictable. The former case is not a situation

" of ;practical interest or concern in a rocket motor systekn. =
The latter case has been used to study break-up of streams and -
impringtqg jets. Only on rare occasions however, have actual
injectors been fabricated so as to produce streams with wre-

dictabl¢ degrees of internal turbulence by the time it is_'- ejected i nto_._e combustion chamber. In the vast majority
of the injeclNl_designs the length to diameter ratio is farl.¢

tOo small to produce a predictable hydrodynamic state in
the fluid stream as it exits from th_ injector face. Under
these circumstances it is not infrequent that minor fabri-
cation variances effect the gross behavior of the ejected
stream more than the actual design parameters drawn up by
the design engineer.

In distorted stream studies, again the vast bulk of work
has been carried out with streams whose degree of internal
disturbance at the time of leaving the injection device was
unknown. In this area however, _,here has been studies carriea
Out on paired injector systems in which sufficient L-O ratios
were employed to have streams whose characterization was well

" established. With these systems, both the singuiar case of
balanced momentum tmp ringement andthe more general cases of
unbelanced momentum lmpringernent have been stuctied, On this

" basis some qualitative information on fan spread and curvature
" - has been established Only one group has .been found however

_,' - = II

•- that has actually designed motor injectors on this principal
so they could operate a motor with some reasonable a priori
presumption about the true distrioution of= their propellants.

• I

%,j'
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For imr:riqgement sys,'.cm,: uasec on more tt,an two _°._e_]ms or
for distortion of stream_ ba_ed o'_ splash plate t_ch'_quts,l

the projection hydrodynamics of th_se slrcams are still a
witches brew.

STREAM AND DROP BREAh-UP

A sizable portior of Frclim_'_ary stream break-uF _possibly
all in the case of low aerodynamic influ(c'_cc),esult from

stream instabilities setting up o_menstional irregularies
whose pattern pre0ictaDility varies directly with the slrcam
turbulence, the rate and locatio(; at which these iq_taL)i!-
ities occur has gon_ almost without investigation, lhe
frequencies of these instabilities which well may set a
pattern For the rates of arrival of concentrations of drain-
lets size has been give,, some study. The ac_dilion of aero-
dynamic interaction with these surface, instabilities freq-
uently accentuates their degree as well as adding additional
lateral movement or disi:lacement to these elements. Asyrm_tric
lateral displacements resulting from these aerodynamic inter-
actions are frequently referred to as flag waving. 1his
latter phenomena frequently photograFhed and/or qualitatively : _
described, but has not been subjected to any rigorous treat-
merit. Thi_ Frocess is undoubtly an important element In the
lateral dispiacement of shed droF1_ts. ,,o

%

The shedding of droplets, from the main stream or fan as the.
case may be, is a continuous process in most practical in-
jection systems continuing from the site of injection to the
final exhaustion of the continuous stream, It is important
to know Bt which point droplet elements are separated from
the main stream and start interacting with Linesurrounding
gases as independunt entities. The actual work Done in this
area has been quite ._mal,',there have been a Few studies of
the rate of attr;tion from streams subjected to short pul._es
of high ga: flows perper,dicular to the stream and there have
been a few very small studies of th_ rates of shedding of
microdrops from the larger drops as _ result of high loading
rate aerodynamic shear.

The size distribution of drop shed either from impringing _
stream produced fans or from individual-streams subjected ° .
to aerodynamic break-up represents one o? the brighter areas "_
in thls field, lhese studies, however, have been r,es_rictecI ' .:_
to total pictures of accumulated distribution of sizes. ,,,,i.
There is essentially no information on locational differences i!_'i"
in size d'istribution from early or late stream or fan break- ';Ji,
up or how much variation there is in size distrioution assoc- ;!_"
lated with the diiference_ in periodic wave fluctation'so ._
prevalent in many fan and stream break-up pattc.rns _:_-

c- ' "_

.>,_<.

... ..;_
; u,,

I I I I i I _ I _I N I I , i I i i i i_ iii u n • I i
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Aerodynamic br_'ak-up 3 F dr3plcLs has-b(:eq t'ao_,ea at vcr't
exten_.ivcly. This process hat been phc)t.oqr,3_hcd n';d de--
fined into three different rcg_nes bared on the rclation-
ship of the aerod,;namic i3ading and _r-e internal co_jsive
forces of the droplet. There has been some effort iq these
studies to provide at le,_st qualitative i:_formation on _he

, times to break-up of the or:ginal droplet. ]h(.rc has ocen
relatively little effort o: the more important proL)]em of
the relative rate of the generation of new surface or the

' rate_ of formation of new droplets and their size d_sLriL)u-
tiO,_s.

MULIIPLE PHASE TRANSPDRI AND DISPI_SIJN

MOmentum exchange between the gaseous and the condensed
, phased eleme._t_ affects both the processes of the break-

ing up of larger condensed phase elements and t;,_ir dis-
,- placement From their origina_ vclocity vectors, lhe roll

of aerodyf_amic interaction in the breaF-up in the con-
_. densed phase elements has already been discussed above.
,.._-- The roll of two phase transport in dispersion will be
-_,'- exami ned here

__,_T,: The drag effects of a fluid flowing at a fixed ,elacive _:
velocity passed a rigid sphere have been very well worked

=,., "- out The drops in a rocket combustor are "free, floating"
-. ,Units with continually changing r_lative velocities and
,.-- , accelerationS, Even assuming the case of rigid spherical
-.r- particles there is still a considerable scatter of exFer-
, -.:.:_=- : imentally estimated drag-coefficients over a Droad range
"//, of Reynolds numbers under these conditions. For aero-
,:., dynamic- loading producinq _/ebbers nump_,r.F_:.:pf- say half an ,;

-.:. order of magnitude less than the cc!..._,_:!.__,"_:ureber for hag
,. break-up, tt_ _oscillatlons _n t,-=_ drop-,_t shape due, to th_

' . aerodynamic'_i forces are Sufficier,t_y small sothat the
_,_,:; 'treatment'of'_e system as aye.rage rieid :'pne_es is qi;ite
*,, reasonable. In some low m_s_. through-put high contra(--t-ion
._,, ratio rocket chamber_ the r.,e|ative veiucities are qutt_--,
,_, ' frequently low enough so tHSt is not; unreasonable to "" ,. t_ t

¢:_- " • droplet sizes up to a hundr.ed micro_ as though they _,,.;°e
.,,-"- rlg_d spheres. Tile relativ¢ w-lociti(s occurring in '_,.:-;:;_,
,-.- of the extremely high mc_s t hr-ough-put, low contracti_", ,,
,.:' ,: r_tio Cl_ambers push this slze limit down to n_,re ,e_:.,f
-',r , I0 mt ¢rons. "-- -

:_ In a..ler_e number of, rocket cham_e,_s a"_i zable fr:_c ion of
_i";::_, the droplets are sulbjected _o _ufficit."h',_ aerodyn,._-,;.,{,_-load-
',, ing to,dts, to_t them well-out of the " 'r "" " " " _ " '_'CO:'_VCIIt_ :_n_,_-raq COo
'_"Cir'':_"'_'" efficient_ values estimated for rigi ' ' 'd sph_re,_. _,any of
.... - , the_e droplets WOUl{l, If/ they survived_long en."._ugh either
,.,, .:,,' be distorted to bag formation and subsequent break-up or be

'r ,, r'

.v., - ', , {,',

_ ' / ,2', ",
_'1,'.- . ..' ,. _._'u" - '.7' '... ,.._ .......... -._..,........ _1 q:_ ,_._. ,.'.,
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more directly _ubjccted t) _ur_/J_ _h_ar Orc ak-up. There _
have been some _r._qrams wh.,_h h_._ (tev( l:);){a pseudo-drag ;
coefficient, s based on 9rigi,_,al droF Icll diarrwet.ers lherc
have been other studies which hay( attem;.ted to actually.
elucidate some sort of a drag coefficient for the pessary °
and cup shape structures wi_ich appear _.o Oe developing ' ; _:
under these hcavv loading conditions. In rock(t combust-
ion activitics, the generatio_ of droplet surface for evapor-
ation, is an important rate limili, ng step.. These processes
which are simultaneously responsible for the rrrorerapid ._74

generation of new surface as well as relatively rapid change
, in position of the,_e e1_rrents will De of crucial importance

in the development of a rigorous mooei of r._cket colnoustion _3
processes. ,.t

Considerably less effort has been found on lhe displacen_.nt
of the continuous stream elements Dy aerody,_amic forces th_n

" O_ droplet _tudies. Lateral displacement of single jet ._!_
streams have been. studied, however, these studies have ocen -_,

related r,o break-up _tudles and the effort spent on analyz- _i__-
ing the stream, trojectory has been .m_nimal lhe effect on , ,;;,-

gas drag on s.treams flowing parallel or neas parall_l with _%
the gas flow have been studied most exclusively in terms .,_;_.
of the. stream break-up, NO nx:._tionhas been found at this _,
point in thc search of any studies of momentum transfer from -,_.
the gas to liquid main st reams. : '_.

r.OMBUSTION PROCESSE; . _

Droplet combustion has been studied for bip ropellant situat- __
ions on stagnant Conditions at zero G loadings, under con- ..-,,
di_ions of natural convection, and under a variety of free :>_'i:
fall conditions at or near one atmosl;here pressure. Sus- _-4{
pended droplet burning, studies have oeen carried out at
chamber pressures up to twenty atmospheres, Free droplets ]:
hav_ been _tudied, while burning under flow conditions up ,ii_

tO and exceeding critical Webber number;s loading, in en- :;,i'_.

vironments-of one to six atmo._pheres pressure. Porous spheres ._;_,_and cylinderical rod stabilized surfaces and surfacet.dlsh '., , /_
burning of liquio _ropellants have been examined at pressures ..i.!#_,
from one to ten atmospheres Under Flow conditions UP tO ,,,-'¢,,2"

a Reynolds number of 10,000 under both_ study Stat_ and osci I,;- .'@-._.

atory conditions, There is a great paucity of studies of :,,_41#,_;"_

drop or other-burning elements under conditions exceedi.ng ;_
twenty atmospheres.., leavin.,g those very _'mportant reglrm_s approach,- __
Ing, pas_._ng a n.d exceeding the critical pressures virtually, ,

" unexplored, V_rtually all the abov.e'_$tudies h_ve been carr_eo
out with on liquid _lement ,_u_pended in a _emi--infi._ite-at- " ._,_

• , ,_

mosphere of the other propellant.,, as a ga_. There have been ._,.,,.:#:
some _tudie,_ in which the gaseous clement was d| luted wlth .,_.:+_
an Inert d| l-uent, _ ' '_-4..

I I I • I I I • I_ _I
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1'_ _ chamDfr where the bic_ol(II3"_t_ ar( injector-. ,i'.h a

sy_i_m of li_.e-oq-l_k_ i_._p--i-v,i-,c,.!ft. "hi Drt-_x-up of the
;articular propelia_'t occur:, whet( ,he 19Cai ciEuatioq i¢,
dominateu by that particuiar f.ropclla-,'.. Ibis mc,s]'_ lh_!
a sizable fractlo" of th(- fuel dr)pl(l.,_, i'_ a rocket, are
not goin.9,to Du_n in semi-infi._itc atmos_'h_re of o,-idizer
Gas but rather wi, l be burning! {n an at rnosl here of fuel rich
gas and combustion products a_d a._alogously the oxidizer
uroplets will not be burning in semi-infinite atmosfherc of:
fuel but will De burr_ing in an oxidizer rich atmosphere con-
taining comt, ustion products. ]base situations have not Decn

given appreciable _tudy i q under heterogeneous condit:oqs.
One is, _herefore, left at this timc to try to build rocket
c_mbustion mooels for unmixccl b_Frop_llant systems with no
real experimental inforrr_ti_q on the processes of Oroplct
combustion as they are most likely to be occurring. Combustion
studies have been carried out in droplet s_ray fields. The

results of these Studies aFe com.oatible with the assuml-tioqs
Of combustion driven flow and wave fields and the shattering

of drople¢s in these high velocities fields. These studies

Pave not as y_t been. given rigorous analysis.

Mor_propetlant combustion studies :have Dean carried out on ,,
dropletsp porous spheres, and exposed liquio surf3ces. Neither
as wide a variety of these materials has been studied nor
have they bee'l studied under the variety of conditions which
have been employed for the examination of bipropeilant i_ype
systems. Again, like the bipropellan_ _ystem, the amo_;nt of

: combusttor, studies have for the most _art Dean carried out
uoOer conditions which do not simulate those found in a rocket
motOr_, lypicalIy the mo_nopropellant is allo_ed to burn in a
semi-infinite cool atmosphere of an i-_ert gas.

:= .In the oip-ropellant liquid system, it i¢ assumed .to De reason-.
able to treat the consumption of droplets and other condensed
phase elements as though they are independently b_ing consumed
wit.h their own local flame interaction with their own local

- envi ronment. -One must- sti 1 t recogni ze t he poi nt that _hi s
: has not .accoml_l i shed the complete comDusti On and ul t imate energy

* release for these propellants. Each fan projection in these
systems is a localized oxidizer rich or fuel rich gas g£ner-
ation- system. Fur_ther energy release will result from the
t.urbulent gas mixing Oetween the zones, la rocket combustion
studies per se,this stCep has been given essentially no con-

. sideratio_ to date. There has been developed a modest body
of informlllt.iiO_ o_ turbulent gas mix|n; and flames associated

_ ., therewilF, h&_,_ the case of high mass through-_ut low contr.act-
ion r_it_io engine systems fhere is ._uDstantial photographic
evidence to show that this sub._equent: mixing is by no means

._ c_letedby the time the gases reach:the exit plane.--

1965005934-010
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Propellant co_nOu_.liO_ perf_tmanL¢: calcu!atign_, have bu_.
carried out for aq extrtm¢ly wi_e variety of biFrop_ila_c
combinations over very _ide :nixturc ratio_ for equilibrium
co_,ditions. The literalur_ is litera!ty i_)undated with
this type of calcuiation, however under ma._y off mixture
ratio conditions equil;brium values _imply are not a,_.proached.
Not i-_frequently this resu!ts iq the production of fragme_.Ls
that are refractive to more cor',;iete coml_slion when .c,UD-

sequent turbulent mixiny brinqs the local mixtur_ ratio closerin line with the over a i design value, _hus, while i'_ the

.gross, the kinetics of most of the reactions which are occ" ,'r-
_ng in our major Diprooelta,,t rocket systems are orders of
.._gnitude faster th_n the rate !!m-;ti_g rr.hysical _)he'._omena, "
there appear to bc nurr_rous areas of local, kineticly in-
hibited situations which impose ultimate limilation on the
total C* values realized. In the case of many coo} burning '
combuslors designed primarily for driving turbines, the
kinetic limitations are so great as to make performance and
composition calculations based on equilibr¢um assumptions u
meani ng! ess. '-

"+ : COMBUSTION SUPPORTED WAVES ."_

, Of all the fields of SUPFOrti_cJ information leading to the :L
gross understanding.of rocket motor combustion processes _
that area of combustion supported wave_ a-,d wav_ phe,_qa :._
has: been both the most extensively studied and the least _

: effectiv.eiy tied to rocket e gin_ comOu._tion _rocesses. A -' .-
numoer of situations of premixed ga.-; combustion generating• _ .-

Waves have been studied and extensively Fhotographed or de- =;_
scribed. When a small discreet volume of premixed gas Ourn$ _-

uniformly with diffuse heat addition it drives flow fielos -+]
and pressure waves ahead of its moving Contact surface. This >. _ 2

expanding gas element maybe readily treated as though it. were ._
simply driving a piston of infinitesimal thickness at its :_
contac_ surface against the outside gas_s. : -

The .-lext step in complexity is that of flame propagating _ ++'
down a tube of premixed gases. If one could start out with ?=
ignition across a planar front, this flame front _l:t, at, ,_
|ts onset, start proq, ressing down the tube at"_the linear _
burning rate of _his particular gas mixture, HoweVer, as+ ,._
soon as the flame front had progressed a finite distance we • ,_+L

would ha_ accumulated behind the fl+ame front +hot pressurized +_,
.... -- gases which'would now. Start acting aS a hot. gas piston p_sh- _:_

tr_J.l_th the flame and Che gases ahead of the flame front - ,.,=..,>{_
downstream. The flame front _il+i-now be moving into gases . _,_,
which already have a forward velocity so'that the"flame fron_ ,++.
appear_ to be accelerating relat|_e to a stationary point, of ++_,>:
reference but at this point it, is not accelerating relati_ve + --_

-.%

j, :

+" " . ?X_+

+ ._" + . + , • ,+,-++_+
,+. - + ..... - ,: -_,_+++

• -, - + _ , , + .,+._ . .+++++ +p _ _"•. :.. +P+_.+-

•.i:+,+ ++. +: o . ,, ..... +.+....... +.
+ '_" . , .,+.+_+_++_++_++,++ + ........ +_ .++-,%+.+ ++_++.+-+++++,+,+___++, +-++-++, +;_+++_> ++:;+':, ._.:, +:,+.,_+.,+>.,+,:.++...... +. ++_;._+.++ ++,.......

i

1965005934-011



I

• j

HULTI -TECh, INC.

to local cja_. _articles dow1_tre_.m of the flame. !he gas
vclocitie_ in front of tne flamc front ' ")waver, are Doing

accelerated due to pre.c_ur_ drive "_ flow fields sctti_.g Ul.
a shock front ahead of the flame fr_.t with fl_w fields
between the shoc_ front and the flame fro,_t itself. The
viscous behavior of the gas wi!l set-ui." velocity gradients
which the flame front will follow generali'_g a more extended
burning service and producing a higher rate of pressur_ and
energy gen£ration, lhi_ becon_s a progressive _ituation
with a positive f_edback. _ccelcratincj laminar flow gives
way tO turbulent flow which even mOrE" rapidly i_crease_ th_
extent of the flame_ front surface a_d the deft of involve-
ment. This situation proceeds until th_ rnechanlcal energy
pushed into the flow fields between the flame zoq_ Flow
a_.d the shock front is raised to a Foint that _early simul-
taneous combustion occurs throughout this zone and a _cao-
llzed detonation wave is estaolished subscquenEly down

:" stream. Having reached a stablized detonating concition wc
_ now are again In a regime in which rigorous analytical col-
* culations may oe n_de-and verified by experimental stuoies.

It _s in this intermediate area between when the laminar
>;:' '." fl_e cea._esto be a planar phenomena uF,until the establish- B_

_" _nt of a stabltzed-deto_ation for which there is an acute
,lack of analytical treatment. It is this authors ohinion v

- that it is this intermediate transition zone which most

_, nearly corresponds to the phenon_na occurrlng in a liquid
roCket engine. The growth of individual wave_ as a result
of ccw_bu_tion processes in a heterogeneous field has oeen

' studied i_ a spray fields, dust fields and through porous
= soli d beds. This area, however, has not been brought to

" the point wherein a rigorous analytical treatment (.an effect-
ively and predictably describe this phenomena in general.

The simpler case, however, where localized energy addition-
will drive w_ os or maintain standing w_v_ ha._ _een devel_F_d

: tO a con_ider.,jly greater extent, lhc._,tmplcst of these
,- situations i_ probably Lhe driving of an organ pip_ resonance

, with a heated screen at one end of a tube. Of a s!miliar
na_:ure are those sy,_tems in-which -longituder_l oscillations, ,

< are driven in premixed gas motor_ of high L _. In general ,
' the flame front is very shallow and very close to the in-

jector face. The heat source can be treated essentially
.planar and one might almost consider thi_ equivalent to

• / _ passt _)g cold gas over a neared screen with near 1y i nfi ni te
:.. heat flux capabilitie_ with.the _ubsequent heated gas fIow-
..- , _ %ng outward through the re_nance chamber.

._,"' ' - "There .have been numerous studies of wave attentuation in

,-_- ",_" heterogeneous system_. These studies have included ooth
•". _ :sownd f_eld and finite tnsens_ty wave attentuation-studies.

- , .,,,, :'-',, :-,?,.:',-., _ ," _,
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The range of media from hEterogeneou_ u'v,dxed turbulent :
gas flow fields to dust spray aeros)l or droplet ent rai_co
fi_-Ids, in a gaseous m(_dium through the c_n_:lete range of
two-phase gas liquid fielos (}as fields a_, well as an ex-
tensive variety of gas solic f_e!Os have oeeq studied. Loss
factors for individual finale waves, propagation through
a wide variety of size and concentration regards, appear to
be extensively studied. From the abstracts which have been
surveyed thus far no one has attem_.ted to break out the
causes of loss t:ar.tDr_ such as a relative contribution
of mornetum exchange and/or wave defractioq in these hetero-
geneous systems. [hese studies on finite wave attentuations
have been carricd out on individual waves. No similiar
studies have as yet been found on heterosperse fields of
finite waves.

There are an extensive Oody of studies on finite wave inter-
actions with waves and with other discontinuities, lhese

studi_s have covered weak i_termedia_e and strong finite

, waves, _,ncludi_I.g the interactions, squarely or oblicuely,
with compressiW_e_waves, expansive systems, flame fro_ts and
oth(_r discontil_t_es. ' o

The problem._ of diffuse energy additions appear to have been
satisfactorily treated, _F it can _e assumed that one is deal-
ing cell by cell with a sdfficient'ly small cell that the
rate of energy addition throughout the cell is .notgrossly
different than _ome average value taken for that element.

The problem of mass loss through diffusion to the wall of ;
the system-or via condensation to condensed phase elements =
has been treated. However, the converse proolem of mass
addition to the gas stream has not been treated because of
the inherent problems of converti, ng a one dirr_nsional pro-
blem into a two dimensional problem. It does s_efn io be
distinctly possible within the available ana!ytical approaches -:
tO treat the problem of mass transfer from the condensed -
phase to the gaseous phase. If thi s is consi dered to be done
on a sufficiently diffuse ba._is that, for the (_ell under .-
consideration, the over all one dimensional characteristics

., of the flow are not grossly disturbed. -_

It would appear therefore, that the problems of introducing
combustion supported wave analysis into an -overatl rocket "
combustion model are not t_rimarily those of a serious or- ;_
gros_ deficiency of the basic parts buL rather are ones of ._
the monumental effort of fitting rather numerous detailed -_
pieces together in order to describe such a complex and _-:
variable system, the flow phenomena associated with these
processes may be read t!y expressed in the form of elipticat _
differential equations, While these forms are not readi|y ° _.

2:"
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amendable to easy 3n_)yl_c.li SC)lulioq trier( ,3r(, weli _._,_3olisn-
ed cjrab.hical techniques fc)r lh_ 'rc,_I_J:c._L )f these _hcq:_,_na
a_ th_'y occur a_ individual eve-,L_. Th_ j:r3_ol_:m of trealing
this n_re comi. l_x syst_m aFpedr'_ to De on_ of workin,_ ou!. a
sufficiently adequate Oookkee_Ino _yst_m iq ordt_r Lo con-
ti'_uously kee F tract of the mulL{let( , coml.onc_Ls of a lar,je
number of small ceils.

MISCELLANEOUS

There are ._everal areas which were covercd in the gen_.ral
outline presented iq Pr_)gress Re_.ort No. II of this series
which have not been revieweo to this FoiqL.

The effects of Flow conditions leading up to the entrance
to th_ rear side of the injector may ,,el! have s:,gnif_cant
contributions to th_ flow patterns of the je[ streams eq-
t_.ri ng i nto the chamber.

There has been an increasing i_teres-t _n an experirr_qLal
studies of two phase propellant injection s_stems, lhesc

; _ include gas l,_quid s.ys_.emsin which gas is added t.omodulate -
the propellant flow _n a biprop¢llant system. SoliC-liquid
system slurries and solid powders entrained in gBses have

. been considered over a number of years and are still being
_,_" mctivel_ considered a_ mean,_ of increasi._g the heat release

functions of the propellants during combustion, while all
" these multiple phase flow systems have markedly a!tcred

fluicl characteristict_ in regard to break-u_- and disFers_on
. patterns which undoubtly hav_ major b_ariqgs on the comb-

ust_On egficiency and ._tabilitie_ there have been virtually
no studies of these basic problems but rathe," the systems
have been studied predominately in model molor firings.

Propellant Groperties have not beer, r,;viewed on a propel tant
by propellant basis. 1he problems of chamaer geometry have
not been considered in thi_ diRcus_ion, lhroughout 'his
discu._sion i_ has been assumed that w_ w_re dealing wi_h a

r model selected from a cc_nveqlional chamber geort_try with
. monotonic flow. It is not DellevF-d Ii'rt this model would

be applicable, for example, For a "oro,dal shaied chamber
whether for reverse fl,_w or _or a spikc-t,t__e nozzle.

%
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SUMMARY

A numDer of major iqformatioq gaps can oe lisle0 at lhis
time as the result of the _.reliminary review of "he aostracts
(._ore thaq 5,000) which have beeq receiveo to date.

1. Injectiom and Stream Location:

There is inadequate fluid dynamic characterization

of the streams effluxiqg from most •injectors.

There is a scarcity of quantitative informatior, on
stream distortion behavior.

2. Stream and Drop Break-up:

There is no data to. speak of on the time or "_=_._
p.o._iti_nal rates of stream and dr:_p break-up.

: _

3. Multiple Phase TransFort and Dispersions:

lh_re are no wcll developed drag coeffic_.cqts for
•' accelerating particles in variable relative velo- : _

city fields, i;-

Ihere has been no effective d_velopment of drag _
coeffl_llPi_nts of raf.;idly distorting droF.s. . j;

The displacement of streams by aerodynamic ioa0-
ing has been only sparsely studied. _:

f

)
The aerodynamic accentuation of stream instabilities ,_
has been qualitatively described Out not treated -%.

quanti tat i vel y. ,_

4. Combus tion: _

Drop burning studies need to be executed in the '_.'
near, tr_ns, and sUDeFcritical pressure regimes. .,_

Orop burning studies need to be executed in the ::_;.
off mixture ratio regimes which occur in fuel or. -_,_,.,:
oxi di zer fans. ' =__]

Non-equilibrium "performance" calculations should ...._

be explored for these off mixture-ratio r(gimes. 4_
L_'

¢

J
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